As more wire ropes with complex construction are used in the hoisting system of a crane, it becomes more necessary to predict the risks of the hoisting operation. Especially the wire rope, dynamic analysis is required to manage the potential risk in advance. Thus, in this article, a co-simulation method based on multi-body dynamics and finite element method is proposed to determine the dynamic responses of a hoisting system and wire rope. We developed a dynamic model of hoisting system based on ADAMS/Cable to formulate the time history response of dynamic force on wire rope, which could be used as the loading condition in the posterior finite element model. A three-dimensional geometric model for the multi-layered strands wire rope with a construction of 1 + 7 + 7 / 7 + 14 wires is implemented in the finite element analysis software ABAQUS, and both static and dynamic analyses are presented. The static analysis result of force-strain relation is compared with several experiment data, and the finite element model is proved accurate and reliable. In the latter case, the force-time curves obtained by dynamic model are imported to finite element model as loading condition to accomplish dynamic analysis. The co-simulation results of hoisting wire rope's behavior subjected to dynamic loading during the hoisting process are carried out and discussed. The stress distribution and stress spectrum of wire rope are obtained, and the results show that the most dangerous regions are the lateral side of wire rope, especially the contact area of two wires in strands.
Introduction
Wire ropes are widely used in a variety of engineering areas due to its excellent mechanical properties and extensive applicability; people pay more and more attention to their reliability and security with the development of industry. In the operation of a crane, it is necessary to predict the risks of the lifting systems. Especially the wire rope is subjected to the combined force conditions of tension, bending, contact, friction, impaction and vibration. Because of the complex loading condition, it is difficult to describe the stress evolution and deformation of wire rope during working process. Thus, many researches [1] [2] [3] have explored the mechanical model of wire rope which is the basic for further studies such as stress analysis, mechanical characteristic, failure mechanism and life prediction.
Ever since the coming out of finite element method (FEM), establishing a mechanical model of wire rope has become more simple and accurate. However, many of these models developed in papers are limited to simple wire strands subjected to static axial loads without considering the contact effect between wire strands; only few models of multi-layered strands have been presented. Chiang 4 conducted a finite element (FE) model and design of experiments to explore several factors on the axial stress at different position of a 6 + 1 simple-stranded cable. Jiang et al. 5 also focus on a 6 + 1 wire rope. They established a general strand model using the FEM and through simplifying model and developing precise boundary conditions; the model has been successfully used to predict the behavior and stress distribution of the wires under tension loads. However, the validity of these models has still been waiting for verification due to the lack of the experimental results reported in the literatures. To solve this problem, a research by Ghoreishi et al. 6 was conducted to compare the results from nine models of a 6 + 1 wire strand under static loading with values from three-dimensional (3D) FE modeling and drew a conclusion that the models are satisfactory and can be used to estimate the elastic stiffness coefficients of 6 + 1 wire stands with lay angles below 20°. Jun et al. 7 built a geometric model for the 6319 wire rope and developed a FE model for calculating the deformation of wire rope with an axial force to the one end by ANSYS software; the analysis results were in well agreement with their tensile test results. Judge et al. 8 developed two full 3D elastic-plastic FE models of the 6 + 1 and 13120 wire-stranded cable subjected to quasi-static axial loading and compared the predicted axial load-axial strain curve with experiment data. The effect of transverse contraction of a simple helical wire rope through Poisson's ratio and contact deformation has been studied by Argatov, 9 who formulated a twodimensional model inter-wire contact problem and assumed the contact interaction as a frictionless unilateral plain strain problem to express the contact deformation and describe the strand deformation. Wang et al. 10 derived a series of recursive formulas of spatial enwinding equations of wires and strands concerning on strand directions and types, then established the parametric model of wire rope structure in arbitrary centerlines and analyzed the geometrical features on CATIA and MATLAB platforms. Elata et al. 11 considered the double helix configuration of individual wires within the wound strand and presented a new model of wire rope with an independent wire rope core, through simulating the mechanical response of the wire rope subjected to an axial load to estimate force interaction between wires, wire rope stiffness and strength, as well as fatigue life. Stanova et al. 12, 13 fully considered the single helix and the double helix configuration of individual wires in the strands of the ropes, derived the concrete form of the parametric equations, built a geometric model of wire rope with a construction of the 1 + 6 + 12 + 18 wires in CATIA V5 software, through finite element analysis (FEA) of the wire strands under tensile loads to predict their behavior, and finally confirmed the correctness of the derived parametric equations and model by comparisons of the FEA results with experimental and theoretical data.
All these studies have revealed the static behavior of a wire rope while the valid dynamic behavior data is infrequent. Only few researches discussed the behavior of a wire rope in operation with a view to evaluate the dynamic characteristic of it. To investigate the dynamic response of a deep mine hoisting cable system, Kaczmarczyk and Ostachowicz 14, 15 presented a simulation model of the catenary cable and solved it numerically; the simulation results illustrated the complexity of the dynamic behavior of deep mine hoisting cables. Imanishi et al. 16 took into consideration of the contact effect and described a dynamic simulation for the wire rope on the tower crane using the FEM and concluded that the dynamic behavior of wire rope is affected by the dynamic characteristics of the winch system. Ham et al. 17 derived a discrete Euler-Lagrange (DEL) equation that can represent the motion of a multi-body system by discretizing and re-formulating the traditional Euler-Lagrange equation; then, they tested the DEL equation's stability, applied it with constraint-based wire rope to simulate the motion of the floating crane and calculated the maximum tension of the wire rope. It is still not easy to accurately describe the dynamic behavior of hoisting system by deriving motion equations and measuring devices. A more convenient and reliable method to investigate the dynamic behavior of hoisting system should be used. As virtual prototyping technique that integrate virtual reality with rapid prototyping to facilitate product development developed rapidly and widely; ADAMS software has become an impressive simulation approach for mechanical systems modeling, yet it lacks straightforward methods to model some flexible bodies such as cable which can only support tension loads, not compression; therefore, how to establish the effective multi-body dynamics (MBD) model has become the key problem in dynamic simulation. Elliott 18 developed and validated a new method of combination element for efficiently and accurately modeling the extensible cable and pulley systems in ADAMS. Li et al. 19 considered the deficiency and carried out secondary development for modeling wire rope in ADAMS to obtain the dynamic tension of wire rope, then studied the cause of low simulation speed and found an improved way. On taking a wide view of these research, the simulation results satisfactorily demonstrate the feasibility and effectiveness of the proposed method. In order to research the dynamic characteristics of hoisting wire rope under certain working condition, especially its strain/stress distribution and potential damage areas, more accurate and convenient, there should be a method based on both MBD model and FEA. But there are no related reports; thus, a co-simulation method based on FEM and MBD is presented in this article.
First, a MBD model of wire rope is employed for evaluating the dynamic response of the wire rope with the contacts taking into account. Dynamic simulation is carried out to precisely compute the various transient loadings such as tension, vibration and impact force. In addition, the geometric model of wire rope, fully considered the single helix configuration and the double helix configuration of individual wires in the strands of ropes, is implemented in FE software ABAQUS. Combined the simulation results with geometric model, the study aims at accurately predicting the complete dynamic mechanical behavior; for instance, stress distribution and deformation of the multi-layered wire rope undergoes dynamic changes of complex force condition. This article is organized as follows: a novel procedure to generate the MBD model of a hoisting system, and the dynamic simulation result analysis are presented in section ''Generation and simulation of the MBD model.'' The implementation of FE model of wire rope is given in section ''FE modeling and analysis,'' followed by detailed analysis and discussion of FE results. The main conclusions are given in section ''Conclusion.'' It may be noted that although only one specific working condition is considered in this study, the MBD and FE model can also be used to study other loading conditions.
Generation and simulation of the MBD model
In view of the background and condition, a MBD model of wire rope is displayed in ADAMS/Cable, a new module designed for engineers to easily model and analyze cable transmission systems, and the basic steps are given here using the hoisting system of a crane as an example ( Figure 1 ) that includes a drum, a movable pulley and wire rope. Table 1 lists the main geometric and motion parameters of them used in this study. The generation and simulation of a whole MBD model with the input parameters known consists of the following steps.
Anchors creation
There are two anchors to, respectively, define the begin and end of a wire rope by computing the coordinate of the location of anchors and make one anchor connected with drums; the fixation and common motion of them are accomplished. The other one is connected with a movable pulley, fixed pulley or other parts that depends on the concrete structure of hoisting system; in this study we fixed it with ground.
Pulley and drum creation
The creation process of a pulley and drum is basically the same way; take the pulley as an example, the specification of a pulley is divided into two main components: one is the layout set of pulley containing the number, location, diameter, connecting parts and rotation direction, and another is the pulley properties set which specifies the material properties, contact parameters and stiffness of the pulley.
Wire rope creation
Wire rope wrapping is performed from the cable system wizard by choosing the order through which the rope will be routed within the pulleys. Input the number of ropes we want to create and set the wrapping order; in addition, specify the parameters and output of it; set the rope using discretized method which discretizes the rope with appropriate parts, joints and forces that will compute precise rope vibrations and forces on pulley. Contact between the wire rope and the pulley is applied with forces by an optimized analytical formulation with an appropriate lateral guidance approximation.
Simulation model
For simple calculation and easy modeling, use a sphere of specific dimension parameters to represent the weight drop and link it to the pulley. Then, a rotational driving is applied to the drum at a predetermined speed, the driving function is setting at step (time, 0, 0, 2, -75d) + step (time, 104, 0, 106, 75d) and the type at velocity. Because the wire rope simulation is mostly characterized by lots of stiff contacts between rope elements and pulley, it is highly recommended to choose C++ solver as an efficient simulation solver, due to some problems with Fortran solver when using discretized rope formulation. Additionally, specify the solver setting according to engineering experience to fit as much as possible to practical data, so that can ensure the smooth finish of simulation process and accuracy of the results. Now, the MBD model and simulation solver parameters setting are shown in Figure 2 , Table 2 , respectively.
Dynamic simulation
Set an appropriate simulation time and step size at 106 s and 6000 steps; start simulation and the drum starts to rotate clockwise with a specific angular acceleration according to the driving function when the angular speed reached 75°/s; then, the drum rotates at a constant angular speed till it decelerates and halts at 104 s. Meanwhile, the wire rope was wrapped with an anchor fixed on drum, and the weight drop was taken up in a linear motion. Figure 3 shows the states of hoisting system during startup and braking period, respectively. Go to postprocessor module when the simulation is completed to obtain the data results and plot the dynamic characteristic curves.
Results
The simulation result curves of the dynamic characteristics of hoisting system and wire rope are shown here. Figure 4 shows the time history response of the dynamic force on wire rope. Although it shows raised values at remarkable peaks, it drops immediately again to zero due to the occurrence of impacts in the joint at that moment; the force amplitude is approximately stabilized on nearly 12,300 N during the hoisting process, while it is observed that a first impact, with higher force, takes place when starting followed by the irregular non-periodic vibration force till the time of 2.5 s. Subsequently, it tends to be basically stable tension associated with lower amplitude, regular and periodic vibration force until the wire rope is in contact with pulley; the force amplitude has a more obvious increase to 12,700 N around the time of 80 s and remained in that for 5 s, and then recovered to the former steady period while the wire rope is separated with pulley. Finally, the force performed distinctive vibration when the hoisting system is braking.
To further analyze the dynamic response of stress and strain distribution of the wire rope, a FE model would be developed first in next section, and the forcetime relations obtained by MBD model would be later imported as loading condition to implement the dynamic analysis.
FE modeling and analysis

Geometric model
This study focus on a multi-layered strand wire rope, that is, a straight structure constructed with an independent rope core wound around by layers of strands. Figure 5 shows the cross section and the space curve of single and double helix wire of this wire rope. Using the Cartesian coordinate system (x, y, z) with the Cartesian frame fe x , e y , e z g where e z is the axis of wire rope and the Frenet-Serret frame fe T , e N , e B g where e T is the unit vector tangent to the curve, e N is the normal unit vector and e B is the binormal unit curve. The location of point A on a single helix along the centerline is given by 
where r s is the laying radius, a s is the laying angle of single helix, and u s = u 0 + u; here, u 0 is the single helix phase angle, and u is a free variable measuring the angle around the wire rope axis e z relative to e x . The location of point B on a double helix wire along the centerline is given by x w = x s + r w cos u w cos u s À r w sin u w sin u s sin a s ð2aÞ y w = y s + r w cos u w sin u s + r w sin u w cos u s sin a s ð2bÞ
where r w is the distance between the two centerlines of single helix and double helix wire, and u w = nu s + u w0 ; here, u w0 is the wire phase angle, and n is a construction parameter that is common to all wires in a specific layer of a strand. The calculated lay pitch of the rope is 75.6 mm; to simplify the geometric model, we drew the straight single helix and double helix axis of a single lay pitch wire rope in the software Creo by equations (1) and (2), then selected a coordinate plane to draw the cross section diagram of wire strand and rope, and used variable section sweep command to sweep the cross section diagram along the axis to create a wire rope core with one strand. Using the Ring Pattern method based on the cyclic symmetry of strand, the geometric model of the wire rope was finally developed (Figure 6 ).
FEA
To use the cyclic symmetry and antisymmetry in the wire rope, FE modeling to select a correct wire rope length can significantly reduce the model size and accelerate computing speed. According to research by Jiang and Henshall, 20 there are both contact stresses and axial movement between the outer and center wire that exist in the region between 3% and 9% of the pitch length. Therefore, it is selected to be 1/6 of the pitch length of the wire rope as 12.6 mm in this study, then the modified geometric model was imported in the FE software ABAQUS and dynamic implicit analysis was used to capture the transient and non-linear behavior of wire rope subjected to dynamic loading.
Material properties. The material properties were given through Python to conveniently define the material parameters of all the wires due to the heavy workload to assign the same created section to the wire rope consisting of a large number of wires. The wires are made of homogeneous, isotropic and linearly elastic material, and the assumed elastic properties of the wire material are listed as follows: Young's modulus E = 200000 MPa, the Poisson's ratio is y = 0:3 and the density is r = 7850 kg Á m À3 .
Contact modeling. There are two classes of contacts that exist in the multi-layered strand wire rope: one is the contact between adjacent parallel wires within a layer and the other is the contact between two wires in adjacent layers of a strand. 21 Both of them in this study were considered as surface-to-surface contact type with finite sling between all wires to simplify the model construction, and the contact property of tangential behavior with penalty friction formulation is used with a friction coefficient of 0.15. 22, 23 In addition, to facilitate the application of concentrated forces imported from dynamic simulation results, both the two-end surface of model are in kinematic coupling constraint with a created reference point as control node, which is 1-mm distance from the end surface on the axis.
Mesh generation. The element type C3D8R, where element is defined by eight nodes with 3 degrees of freedom per node (i.e. translations in x-, y-, z-directions), was used in this study for the structure discretization; the wire rope model was meshed into hexahedron element with 806,640 elements and 1,493,026 nodes, much more than those of others, 8, 24 that may be time-costing but more accurate in results.
Boundary conditions. The kinematic coupling constrains the motion of the coupling surfaces to the control node, and the concentrated force as well as boundary constraint applied to this control node equal to that applied to the constrained surfaces. For the axial loading, the boundary conditions in this study were performed as follows: one side control node was fully constrained in all degrees of freedom while force was applied to the other side node which was restrained against rotation only in z-direction defined as UR3 = 0.
Load. There are two loading conditions acted on this model: Results and discussion. The FEA results of the strain distribution of this model under the tensile force of 20 kN are shown here in Figure 7 . It can be seen that the deformation of the wire within a strand has a spatially spiral structure; additionally, there are both tensile and compressive deformation in every wire of the rope at a certain section of the wire rope. The comparison of obtained results of force-strain relations of the wire rope model under loading condition 1 by FEA with those obtained experimentally by Elata et al. 11 and theoretically by Velinsky et al. 25, 26 is presented in Figure 8 . It can be seen that FEA results are in good agreement with the experiment results, though a little discrepancies occurred between them which may be due to local effects such as enhanced deformation at wire-wire contacts that are simplified in this model. Therefore, the present FE model is proved to be accurate and reliable, that can be used to accomplish the dynamic analysis of the wire rope in a hoisting system combined with the MBD simulation results. Figure 9 (a) shows the Mises stress spectrum of the wire rope, namely, the variation of stress with time during the hoisting dynamic process under loading condition 2. Higher starting stress occurred due to the serious irregular impact and vibration caused by instantaneous acceleration; the maximum value is over 800 MPa. After 2.5 s of vibrations, the rope tends to be in a stable working period, likewise, the stress amplitude is approximately stabilized on nearly 600 MPa with a slight fluctuation until the wire rope is in contact with pulley; then, the stress amplitude increased by close to 20 MPa when the load rising to 12,700 N and remained for 5 s; finally, the stress performs a lower amplitude vibration in braking period. It should be noticed that the contact between the wire rope and pulley/drum plays an important role in stress amplitude during the hoisting process. When they are in contact, the contact force occurs, and the direction and magnitude of contact force changes constantly changing during the contact period, which exacerbates the deformation of wire rope and results in increased stress amplitude. Figure 9 (b) shows the Von Mises stress distribution of the wire rope model under the tensile force of 12,300 N during the stable period of hoisting process, where the stress of outer and internal strands are both in symmetric distribution centered on the rope core, and all the double helix wires in the strands are in an inhomogeneous distribution due to the position of them in a strand. Besides, the stress of the rope also presented a symmetric distribution centered on the middle cross section of wire rope with higher stress on both sides for confinement effect, stress concentrate phenomenon and lower stress around the center. The stress distribution for the cross section in the middle of the rope model is presented in Figure 9 (c), from which we can see that the stress in each wire is presented in layered distribution, and the stress amplitude increases gradually from the core wire to the outer wire within the outer strands as well as the rope core. Figure 10 shows the Mises stress wave for the cross section in the middle of the wire rope model. After 0.02 s of loading, the stress concentrated mainly on the rope core wires; at 0.04 s, the stress wave started to travel to the wires of outer strands; and at 0.09 s, the stress increased to the maximum due to its high impact and performed in layered distribution with higher stress near the core wire; but at 1 s, the stress decreased again due to the trend to be stable on a lower force and performed slight changes in stress magnitude under vibration loading until the end of analysis. It should be pointed out that the serious impact loading after a startup on the wire rope stopped at 0.09 s. The stress of the wire rope during the stable lifting period was generally too small to cause damage while the startup impact could possibly do.
Conclusion
In this article, a co-simulation method of MBD and FEA with the aim of analyzing the behavior of a wire rope under dynamic loading was presented. The cablepulley system have been developed and futher simulated in ADAMS software to precisely validate the transient vibrations and forces acted on the wire rope of a crane hoisting system, and the detailed generation procedure was demonstrated as well as the simulation result of dynamic characteristic of the wire rope. A mathematical geometric model has been accomplished in the software Creo and was then imported to the FEA software ABAQUS. Analyzing the elastic behavior as strain distribution under several different tensile forces and comparing the force-strain relation obtained with theoretical analysis and experimental data available in the reported papers, the correctness of the presented model of a 6*36WS wire rope was confirmed. And considering the dynamic simulation, the FEA was implemented and the results of stress distribution and stress spectrum of the wire rope were investigated.
The evolution of the stress of wire rope was obtained by the analysis of the FE model with the dynamic loading from MBD model, and the results have shown that the most severe regions of stress concentration are those at the lateral side and on the contact area of two wires in strands. The co-simulation results illustrate the complexity of the dynamic behavior of wire rope during a hoisting process; instantaneous acceleration in startup period could cause a serious impact on the whole system that influences greatly on the stress magnitude of wire rope; the stress magnitude reached to maximum that possibly causes impact damages. To prolong the service life of wire rope, the hoisting system should avoid large start acceleration and operate as stable as possible. Additionally, more working conditions with different hoisting parameters, such as height, velocity and capacity, could be studied by applying the cosimulation method presented in this article. Simulation of MBD model cost about 7 h; the force-time relation of wire rope could be obtained with a smooth process. The anlysis of FEM model carried out in 110 h, for there were lots of non-linear contact process between wires during the loading procedure. In order to obtain a reliable simulation result, the size of the element was meshed as smaller as possible while the computational cost increased rapidly. There should be a balance between the computational efficiency and computational accuracy.
Futher work will consider more issues such as hoisting system with more complex structure, as well as the FE model such as elastic-plastic and real friction effect of the wire rope. Based on these research, results presented along with fatigue S-N curves of the wire rope, futher work also can be implemented to predict the fatigue life of the wire rope under certain working condition to detect the failure and complete the replacement in time. With a further failure criterion, the most severe damage zones of wire rope could be calculated by this means, and we could know which areas of the wires are easy to break first. And the dynamic behavior of damaged rope could also be evaluated; if a wire rope is broken with certain number of wires, we could see different dynamic responses of damaged rope compared to complete one and predict the residual life of it. Besides, the co-simulation method of combing the dynamic simulation with FEA holds great promise for accurately analyzing the complex behavior of mechanical components under certain working environment. The co-simulation results could be in perfect accordance with engineering pratice.
Declaration of conflicting interests
The author(s) declared no potential conflicts of interest with respect to the research, authorship and/or publication of this article.
Funding
The author(s) received no financial support for the research, authorship and/or publication of this article. 
